. Although none of these regions reaches the level of genome-wide significance, the number observed exceeds the 10 that would be expected by chance alone. Our results significantly add to the growing body of linkage data relating to multiple sclerosis.
Introduction
Although the exact cause of multiple sclerosis is unknown, epidemiological studies indicate a multifactorial aetiology 1 with the involvement of genetic factors suggested by studies in twins, 2, 3 half-siblings, 4 adoptees 5 and conjugal pairs. 6, 7 The role of major histocompatibility complex (MHC) class II alleles is well established, 8 but no other candidate genes have consistently been linked or associated with the disease.
Since the early 1990s, developments in the human genome project 9, 10 have made it possible to employ more systematic approaches to the search for susceptibility genes in complex diseases. 11 In multiple sclerosis, six whole genome screens for linkage have now been performed. [12] [13] [14] [15] [16] [17] No one has shown unequivocal linkage, but most have identified more regions of potential linkage than expected by chance and together they provide the best available summary of the likely location of the relevant genes. 18 The high prevalence of multiple sclerosis (120/100 000) in Scandinavia 19 and the striking correlation between its global geographical distribution and the migration pattern of northern Europeans 20 suggest that important susceptibility alleles may have arisen in Scandinavia and been disseminated by their descendants-the so-called 'Viking hypothesis'. 21 The Nordic countries (Denmark, Finland, Norway and Sweden) are thus a promising place in which to search for multiple sclerosis susceptibility genes. In order to facilitate analysis of the disease in this founding population, a collaborative group was formed (the Nordic MS Genetics Study Group) involving seven Nordic research centres. Since its inception in 1994, this group has concentrated on identifying and carefully assessing familial multiple sclerosis in Scandinavia in order to establish a resource for genetic analysis.
Based on results from previous linkage screens, some parts of the genome have already been investigated in these families. 22, 23 However, the majority of the genome has hitherto remained un-explored. We therefore performed a genome-wide screen for linkage in a large sample of these potentially highly informative Nordic families.
Results
In order to maximise efficiency, we performed our genome screen in two stages. In the first, only the affected siblings (n = 272) from each family were considered, and no parents or unaffected siblings were genotyped. The results of multipoint non-parametric linkage analysis on each chromosome are shown in Figure 1 . Although there are no regions where linkage attains genome-wide significance, 17 regions exceed the nominal 5% significance Figure 1 The maximum lod score calculated by mapmaker-sibs 35 at each point along the genome constrained to the 'possible triangle'. The length of each x-axis is proportional to the genetic length of the corresponding chromosome and the map position of the markers is indicated by tick marks. The y-axis is scaled from 0 to 2.0. Results from the first stage are shown in bold and from the second stage in dotted lines. Markers labelled with an asterisk (*) were typed in both stages. All other markers were only typed in stage one. level (lod Ͼ0.7) whereas only 10 would have been expected by chance for a marker map of this density. These regions include 1q11-24, 2q24-32, 3p26.3, 3q21.1, 4q12, 6p25.3, 6p21-22, 6q21, 9q34.3, 10p15, 10p12-13, 11p15.5, 12q21.3, 16p13.3, 17q25.3, 22q12-13 and Xp22.3. The marker map provided an average information extraction of 57%, ranging from 15% on the ptelomeric region of chromosome 19 to 86% on chromosome 22 at a particularly informative marker.
In the second stage of our screen, the available parents and unaffected siblings were genotyped for 31 markers from the most promising regions identified in stage 1 in order to increase the information extraction in these regions. In fact, the average increase in information extraction was modest (3%) confirming that little would have been gained by genotyping the parents and unaffected siblings for all 399 markers in stage 1. As expected, the effect on lod scores was also limited with only minor changes for individual regions ( Figure 1 ). In no instance did increasing the information extraction lead to any of the 17 peak lod scores falling below 0.7. In order to search for evidence of loci interacting with
Genes and Immunity between the HET.LOD and the lod score obtained for all the families analysed together. The statistical significance of observed differences was judged empirically using simulations (see methods). Table 1 shows the peak HET.LOD observed on each chromosome together with the statistical significance of the difference between this and the lod score observed for all families analysed together. Only chromosome 19 revealed an apparently significant difference; however the calculation of HET.LOD was not constrained to the possible triangle and, the result on chromosome 19 was principally due to the −/− subset maximising outside the possible triangle, indicating that the observed difference is the result of statistical fluctuation and not an interaction. In short, we found no evidence for statistically significant interaction with HLA at any loci.
Discussion
We have performed a genome-wide screen for linkage in 136 Nordic sib-pairs with multiple sclerosis using 399 dinucleotide microsatellite markers. Although there were no regions of genome-wide significance, 17 regions were identified where the lod score exceeded 0.7 (the 5% nominal significance level). In a genome-wide screen of this size, only 10 such regions would be expected by chance alone. The fact that our results exceed expectation suggests that at least some of these are likely to be genuine. In genome-wide screening, two sets of significance levels are considered 18 -point-wise (nominal) and genome wide. Under the null hypothesis of no linked genes the point-wise significance refers to the probability that the maximum lod score (MLS) profile will equal or exceed the given value at a particular (single) point in the genome, while the genome-wide significance refers to the probability that the MLS profile will equal or exceed this value at least once somewhere in the genome. An MLS value of 0.7 has a point-wise (nominal) significance of 5%; that is, the MLS profile at any particular point in the genome will only equal or exceed a value of 0.7 on average once in every 20 genome screens. On the other hand, a genome-wide significance of 5% corresponds to an MLS value of approximately 3.2; this indicates that the MLS profile would be expected to equal or exceed 3.2 at any point in the genome only once in every 20 genome screens. Genome-wide significance levels allow for the multiple testing inherent in screening the whole genome and are thus the best guide to the significance of any single 'hit'. Although the association of HLA class II alleles with multiple sclerosis is readily demonstrated, 8, 24 the effect of this locus on susceptibility is modest and therefore evidence for linkage in this region is expected to be difficult to confirm. Previous linkage screens in out-bred populations of northern European origin (American, British and Canadian) [12] [13] [14] showed only modest evidence for linkage to the HLA region. Our study is in keeping with these results in that it also shows only modest evidence for linkage in the HLA-region on chromosome 6p21.
Oturai et al 22 have previously investigated a sample of these same sibling-pairs in a region of interest on chromosome 5 and in the HLA region. Differences between our previous results and those presented here principally reflect the fact that the present study includes more families.
The fact that typing parents and unaffected siblings had only a limited effect upon our results is partly due to the small number of families with available parents and unaffected siblings, but also due to the fact that the markers used are highly informative. Typing unaffected siblings or one parent has previously been found to give only a small increase in power except when the PIC-value for a given marker is low. 25 While some of our linkage peaks indicate the likely regions containing loci conferring susceptibility to multiple sclerosis specifically, others may indicate regions containing loci conferring susceptibility to autoimmunity in general. 26 With this hypothesis in mind there is interesting concordance between our results and those from studies in other autoimmune diseases.
On chromosome 10 we found two regions of potential linkage of which 10p12-13 is located very close to IDDM-10. 27 This region has also shown suggestive and potential linkage respectively in recently published studies of sibpairs with multiple sclerosis from Sardinia 16 and Italy. 17 Another region of interest in this respect is 6q21 on the long arm of chromosome 6, where our results show a peak lod score of 1.2. This is the same region as another susceptibility locus in insulin dependent diabetes mellitus (IDDM15). 28 The peak on the long arm of chromosome 12 overlaps both with a peak in the American link-
Genes and Immunity age screen in multiple sclerosis 13 and one in a genomewide screen for linkage in rheumatoid arthritis. 29 The region on the short arm of chromosome 16 coincides with one of the best supported non-HLA regions from the recently published meta-analysis of the original American, British and Canadian linkage screens in multiple sclerosis. 30 Our study thus shows both overlap and differences with previous screens in multiple sclerosis and other autoimmune complex traits. The differences with respect to other linkage screens in multiple sclerosis may reflect type I error (false positive findings), or result from differences in the ethnic genetic background of the populations studied.
The overlap with other autoimmune complex diseases supports the growing body of evidence that linkage screens will undoubtedly lead to the identification of chromosomal regions containing susceptibility genes: some will be disease-specific; others will prove to be more important in promoting the process of autoimmunity rather than a specific disease phenotype reflecting selective organ specificity. More specifically, our study contributes to the steady accumulation of linkage data relating to multiple sclerosis. Our observation that significant linkage cannot be demonstrated even in a relatively large number of affected sibling pairs from a putative founder population has implications for the size of the effect attributable to any one susceptibility gene. The result indicates the need to add new data sets from related and ethnically diverse populations incrementally so that meta-analysis can in time reliably locate the chromosomal regions encoding susceptibility genes and steer the application of complementary strategies aimed at identification of functional polymorphisms.
Materials and methods

Families
A total of 136 families with affected sibling pairs were included in the study ( Table 2 ). All patients met the criteria for clinically definite multiple sclerosis according to the Poser criteria 31 and gave informed or written consent to take part in genetic analysis. Where available, DNA was also obtained from consenting parents, and in those families where parents were unavailable, from consenting unaffected siblings.
Families with more than two affected siblings were not included since such families are more likely to include parents who are homozygous for susceptibility alleles and therefore uninformative for linkage. In addition we chose our families exclusively from the general out-bred Nordic population and specifically avoided families from sub-isolate populations such as the Sami (where the disease is uncommon).
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Markers
A total of 399 dinucleotide microsatellite markers from the Applied Biosystems Medium Density Linkage Mapping Set (LMS-MD10) were used to screen the genome. The microsatellite markers were highly informative showing a mean heterozygosity of 78% and mean polymorphism information content (PIC) of 76%. The average separation between these markers was 9.7 cM. Genotyping DNA was extracted from venous blood using standard techniques. Each marker was amplified by polymerase chain reaction (PCR) using one of the following methods:
(1) 'Touch Down' PCR on either a GRI Tetrad or a Hybaid Omnigene thermal-cycler, in 10 l reaction volumes as described in Sawcer et al. PCR products from each panel of markers were pooled prior to electrophoresis on either a 373A Sequencing Machine (Applied Biosystems) using 6% acrylamide gels or a 3700 Genetic Analyser (Applied Biosystems) which performs capillary electrophoresis. All genotyping was performed in the laboratory in Cambridge. In order to ensure accurate allele calling across the various gels, alleles were normalised against the CEPH-individual 1347-02. Genotyping was performed using the semi-automated genescan and genotyper software (Perkin Elmer).
HLA-typing
Each of the affected individuals was tested for the presence or absence of the DR 15 alleles by amplifying genomic DNA using PCR and sequence-specific primers (5Ј-CCG CGC CTG CTC CAG GAT-3Ј and 5Ј-TCC TGT GGC AGC CTA AGA G-3Ј). A positive control for the PCR was provided by primers amplifying the human growth hormone locus. The PCR assay was performed in a final volume of 13 l, containing 30 ng genomic DNA, 20 mM ammonium sulphate, 75 mM Tris HCL (pH 9.0), 0.01% Tween, 2 mM Magnesium Chloride, 200 M each of dATP, dCTP, dGTP, dTTP and 0.125 units Taq. Cycle conditions were 94°C for 2 min, followed by 10 cycles at 94°C for 20 s, and at 65°C for 60 s, and then 20 cycles at 94°C for 20 s, 61°C for 50 s and 72°C for 30 s. Amplified products were visualised under ultraviolet light after running in a 2% agarose gel containing TBE buffer and 0.5 mg/l ethidium bromide for 30 min at 100 V. Gel interpretation assigned the presence or absence of DR 15 alleles according to the 1998 nomenclature report. 33 Each individual was typed twice and typing was repeated if discordant results were obtained.
Statistical methods
Non-parametric affected pair methods are commonly used to study complex diseases such as multiple sclerosis where no clear model of inheritance can be identified. These methods are based upon the principle that affected individuals will be more similar in those parts of the genome linked to a disease susceptibility gene than expected by chance. 34 We performed multipoint non-parametric (model-free) linkage analysis using the mapmaker/sibs program (version 2.0). 35 This calculates a MLS value at each point in the genome on the basis of all the available genotypes, and thereby generates MLS profiles along each chromosome. Allele frequencies used in the analysis were estimated from data using the splink program (version 1.07). 25 Any positive MLS value indicates potential linkage but the peaks in these profiles, which may be referred to as 'hits', identify the most likely locations for disease susceptibility genes. The mapmaker/sibs program was also used to calculate the information extraction along each chromosome. This information indicates how much of the available identity by descent (IBD) information has been extracted by the markers typed. On the X-chromosome mapmaker/sibs stratifies sib-pairs on basis of gender and performs linkage analysis independently in brother-brother, sister-brother and sister-sister pairs. It then generates a composite lod score based on these three results. As no parents were typed in the first stage of the screen, the siberror program (version 1.0) 36 was used to test for the presence of pedigree errors. One sib-pair was identified as unrelated and one pair as identical twins. These two pairs were therefore excluded, leaving a total of 136 affected sib-pairs used in the analysis.
Interactions between HLA and postulated disease-sus-ceptibility loci were tested as follows. Affected individuals were denoted as "+" if they had at least one DR15 allele. Affected sibling pairs therefore could be classified into one of three groups: +/+ (n = 82), +/− (n = 20) or −/− (n = 34). Following the suggestion of Rice, 37 the probability P that an affected sib pair inherited a given parental allele IBD was modelled as a logistic regression, with the HLA group included as a categorical variable. The significance of the resulting lod score was assessed by random permutations of HLA groups among the affected pairs and repeating the analysis.
